In cold climates the processes of freezing and thawing have been found to affect not only the physiology of wintering crops but also the physical properties of soils, such as hydraulic conductivity and aggregation. Some of the latest studies (2, 3, 4) show that the effects of freezing and thawing on aggregation depends largely on the conditions under which these processes take place. Both soil moisture content and freezing temperature affect the phenomena of frost formation and thus aggregation. Large aggregates suffer great destruction when frozen at high moisture content (2, 3,4) but simultaneously there may be a build up taking place in the range of smaller sized aggregates which also is pronounced at high moisture contents (3). At lower moisture contents the freezing temperature has little effect on aggregation but at higher moisture contents a fast rate of freezing seems to cause more destruction of large aggregates and less building up of small ones 1 ). This is apparently due to the size and number of the ice crystals formed, these features depending on both moisture content and on freezing temperature.
Materials and methods
Surface samples of Guelph loam, 60 g in weight and 57.7 ml in volume, were used to study the effects of soil moisture content and air temperature on the time required to freeze or thaw the soil sample. The samples were wetted in beakers with distilled water to moisture contents of 0.8 (air dry), 12.5, 25.0, 37.5 and 50.0 per cent by volume, and covered with plastic to avoid moisture losses during the treatments. Thermocouples connected to a 12-point temperature recorder were placed in the centre of each sample. The samples were frozen and thawed in controlled (dzo.s°C) adjustable freezers at various temperatures and the temperature changes with time were read from the recorder sheets.
Results and discussion
To give a general picture of the temperature-time curves an example is presented in Fig. 1 . As shown by the curves, the moisture content of a soil is the factor dominating the freezing phenomena. The differences in cooling time from 24°C to freezing point between samples at different moisture levels are clear but rather small when compared with the differences in the freezing time (i.e. the time after the samples reach the temperature of O°C and frost formation starts to the time the soil is frozen and the temperature falls below O°C). The thawing curves where the change of temperature is in the opposite direction were very similar in shape. In the following the factors affecting the speed of these processes are discussed.
The time taken for freezing or thawing the soil sample is a linear function of soil moisture content as indicated by the high correlation coefficients (0.990-0.996) of the regressions in Table 2 . The data are given in Fig. 2 . It should be noted that these regressions are relative in nature and characterize only the freezing and thawing times for a certain size and shape of soil samples. The effect of the size of soil samples was not a part of this study. An interesting feature of the data in Fig. 2 , is that all the lines cross the X axis between 2 and 4 per cent moisture. This means that soil moisture up to this level was not frozen at O°C. This is in agreement with the results of Kolesnikov (1), who points out that only water in the free state is transformed into ice during soil freezing. Combined water, the amount of which varies in different soils, freezes later with a significant decrease of soil temperature below the freezing point. The effect of the surrounding air-temperature during freezing and thawing on the time taken by these processes was found to be a linear function when plotted on a log-log scale. For Guelph loam soil (60 gram samples) at four different moisture levels, the equations for the regressions are given in Table 3 and the data are plotted in Figures 3 and 4 . The high correlation coefficients (>0.99) of these regressions show the good fit of the regressions. Furthermore, the similarity of the regressions of freezing and thawing indicates the reversibility of these processes differing only in the direction of the process. The results of the freezing-thawing experiments, in which three mineral soils were compared, are represented by a typical example given in Table 4 and Fig. 5 . The differences in freezing times between the soils were smaller than the differences due to the soil moisture content. Furthermore, when soils of different bulk densities were compared, the freezing rates as affected by soil moisture content proved more uniform when the soil moisture content was expressed as percentage by volume rather than by weight (Fig. 5, A, B) in samples of equal volume. This and the distance between the lines in Fig. 5 , C indicate that the actual amount of water to be frozen primarily determined the rate of the process. Thus in mineral soils the indirect effects of those soil factors that determine the moisture-holding properties of soils in field conditions are more pronounced than the direct effects of the soil properties on freezing and thawing rates. Accordingly, when the freezing-thawing properties of different soils are compared, soils at equivalent pF levels or other soil moisture indexes, such as wilting point, field capacity, moisture equivalent etc. are likely to give a better picture of the course of these processes in various soils in the field than soils at the same moisture percentages either by volume or by weight. Summary A laboratory study was conducted to evaluate the effects of soil moisture and air temperature on soil freezing and thawing. The time required to freeze or thaw a soil sample was a linear function of soil moisture content and a linear log-log function of the temperature of the surrounding air.
The differences in the freezing-thawing properties between the three mineral soils under study were small when compared with the effect of soil moisture content. In field conditions the indirect effects of those soil properties that determine the moisture-holding properties of various soils seem to be of prime importance in influencing the course of the freezing and thawing processes.
